Carrier proteins (CPs) play a critical role in the biosynthesis of various natural products, especially in nonribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) enzymology, where the CPs are referred to as peptidyl-carrier proteins (PCPs) or acyl-carrier proteins (ACPs), respectively. CPs can either be a domain in large multifunctional polypeptides or standalone proteins, termed Type I and Type II, respectively. There have been many biochemical studies of the Type I PKS and NRPS CPs, and of Type II ACPs. However, recently a number of Type II PCPs have been found and biochemically characterized. In order to understand the possible interaction surfaces for combinatorial biosynthetic efforts we crystallized the first characterized and representative Type II PCP member, BlmI, from the bleomycin biosynthetic pathway from Streptomyces verticillus ATCC 15003. The structure is similar to CPs in general but most closely resembles PCPs. Comparisons with previously determined PCP structures in complex with catalytic domains reveals a common interaction surface. This surface is highly variable in charge and shape, which likely confers specificity for interactions. Previous nuclear magnetic resonance (NMR) analysis of a prototypical Type I PCP excised from the multimodular context revealed three conformational states. Comparison of the states with the structure of BlmI and other PCPs reveals that only one of the NMR states is found in other studies, suggesting the other two states may not be relevant. The state represented by the BlmI crystal structure can therefore serve as a model for both Type I and Type II PCPs.
INTRODUCTION
Nonribosomal peptides and polyketides are biosynthesized with remarkable fidelity, typically as a single major product after tens to hundreds of enzymatic reactions. The fidelity of nonribosomal peptide synthetases (NRPSs) and polyketide synthases (PKSs) comes from what is called the "thiotemplate mechanism" or "assembly-line enzymology." 1 Central to these biosynthetic strategies are carrier proteins (CPs; also called thiolation domains) and more specifically PKS acyl-carrier proteins (ACPs), and NRPS peptidyl-carrier proteins (PCPs), which are ~75 amino acid long domains (predicted bioinformatically) or ~80-95 amino acid long proteins that are posttranslationally modified with a 4′-phosphopantetheinyl (ppant) group from coenzyme A by phosphopantetheinyl transferases (PPTase), also known as holo-ACP or holo-PCP synthases. 2 For both NRPS and PKS, carboxylic acid containing substrates are activated in the form of thioester linkages to the CP ppant, which allows efficient transfer of the substrate from one active site to another. Substrate specificity is conferred on multiple levels, including the enzymatic active sites and specific interactions between the CPs and catalytic domains. Understanding how the protein-protein interactions influence catalysis is an important factor for successful biosynthetic pathway engineering.
PKSs are commonly found as one of two forms, either as standalone enzymes (Type II) or as multiple domains in extended polypeptides (Type I). However, the majority of characterized NRPS are of the Type I architecture, and the existence of Type II NRPS was speculative, until we established the existence of functional Type II NRPS enzymes with the characterization of BlmI, the Type II PCP from the bleomycin biosynthetic pathway in Streptomyces verticillus ATCC 15003. 3 We demonstrated BlmI could be phosphopantetheinylated in vivo and in vitro by two different PPTases (but not efficiently by Escherichia coli PPTases) and loaded with valine by an adenylation domain (A-domain) from an unknown pathway in S. verticillus, Val-A. Further establishment of Type II NRPS enzymes comes from our discovery and characterization of a bona fide set of Type II NRPS enzymes, the Type II PCPs SgcC2, 4, 5 MdpC2, 6 and KedY2, 7 in the biosynthesis of the enediynes C-1027, maduropeptin and kedarcidin, respectively. We also reported a Type II adenylation enzyme, LnmQ, and Type II PCP, LnmP, initiating the biosynthesis of leinamycin. 8 Together these studies firmly established the existence of functional Type II NRPSs.
The interactions between a PCP and cognate catalytic domains are known to be very important in a few Type I systems. 9, 10 In a typical round of peptide bond formation a PCP must interact with an A-domain and the acceptor site of an upstream condensation domain (C-domain) and acceptor donor site of a downstream C-domain. In Type I NRPS these contacts are likely to be very important to ensure that a PCP only interacts with the appropriate catalytic domains. However, in Type II systems the interactions may be governed by additional features, and the current lack of study of these interactions hampers future efforts for combinatorial biosynthesis.
Structural studies can reveal the features of CPs that compose binding interfaces. While numerous structural studies of Type I and Type II ACPs from PKS and FAS [9 crystal and 21 nuclear magnetic resonance (NMR) reports] have been performed, there are limited studies of NRPS Type I PCPs (4 crystal and 4 NMR) and no reports of Type II PCPs. There is an NMR structure of the D-alanine carrier protein, DltC; however, it does not function as a traditional PCP, as it transfers D-alanine across the membrane for cell wall biosynthesis, and is phosphopantetheinylated by holo-ACP synthase. 11 There are two crystal structures of an aryl-carrier protein (ArCP) from the enterobactin NRPS biosynthetic pathway. 12, 13 One as a domain in the full-length EntB, isochorismatase-ArCP, where there are no interacting partners, and may mimic a Type II PCP. 12 The other structure is the EntB ArCP fused to the C-terminal end of the 2,3-dihydroxybenzoic acid adenylation domain, EntE, which functions as a mimic of an NRPS A-PCP didomain. 13 NRPS, crystallization studies revealed the interactions between an A-domain and PCP in a didomain protein named PA1221 in Pseudomonas aeruginosa, 14 PCP and donor site of the C-domain for the SrfA-C module from Bacillus subtilis, 15 and PCP thioesterase (TE) in a didomain protein from EntF in E. coli. 16 In the crystal structure of a PCP-C didomain protein from TycC-5 in B. subtilis, the PCP is found in a noncatalytic orientation at the acceptor site that does not reveal insight into the binding interface. 17 Together these structures cover most of the common Type I PCP interactions in NRPS, except for PCP interacting with the C-domain acceptor site in a meaningful way, and for Type II PCP interactions.
NMR structures of Type I PCPs isolated from the NRPS reveal three interchanging conformations, the A state for apo-PCP (without ppant), H state for holo-PCP and a conformation shared by both apo-and holo-PCP, the A/H state. 18, 19 These states led the authors to conclude that large conformational changes were necessary for PCP interaction with catalytic partners. NMR analysis of interactions in a PCP-TE didomain protein from EntF 20 and from a protein complex between a Type II TE, SrfTEII, and Type I PCP, TycC-3, 21 also led to the conclusion that the PCP and/or the catalytic domains underwent large conformational changes upon interaction.
Here we present the prototypical crystal structure of a Type II PCP, BlmI. Primary sequence and structural comparisons reveal that ACPs and PCPs are highly divergent in sequence within and between the classes, yet retain almost identical folds and overall structures. This study reveals that BlmI adopts a conformation similar to previously characterized ACPs and PCPs and is in the A/H state in the crystalline form. The observation that all crystallized PCPs to date are in the A/H state, suggests that the heterogeneous structures seen in the NMR experiments result from excising the PCP from the native context. The molecular surface of BlmI is overall neutral with a basic N-terminal tail. Comparison of the PCPcatalytic domain interfaces reveals a common binding surface on one side of the PCP, which will be important for designing future protein-protein interactions in combinatorial biosynthetic approaches.
MATERIALS AND METHODS

Gene cloning and expression and protein purification
Project information and reporting to the PSI Target Track Database used Sesame as the laboratory information system. 22 The full length blmI gene from S. verticillus ATCC 15003 (NCBI accession, gi: 5326870; locus version: AAD42077.1) was amplified by PCR from genomic DNA with KOD Hot Start DNA polymerase and the following forward and reverse primers: 5′-TTATCCACTTCCAATGT TACCGGTCCCGCTCCCC-3′ and 5′-TACTTCCAATCCA ATGCCATGAGCGCCCCGCGGG-3′, respectively. The amplification buffer was supplemented with betaine to final 2.5 M concentration. The PCR product was purified, T4 polymerase treated, 23 cloned into pMCSG57 according to ligationindependent procedures, 24, 25 and transformed into E. coli BL21(DE3)-Gold strain (Stratagene). For protein production, a bacterial culture was grown at 37°C, at 190 rpm in 1 L of enriched M9 medium 26, 27 until it reached optical density 600 ≈ 1.0. After air-cooling to 4°C over 60 min, methionine biosynthetic inhibitory amino acids ( 
and 90 mg/L of Lselenomethionine (Medicillin, catalog number MD045004D) were added. Gene expression was then induced by addition of isopropyl-β-D-thiogalactoside to 0.5 mM. The cells were incubated overnight at 18°C, harvested and resuspended in lysis buffer (500 mM NaCl, 5% (v/v) glycerol, 50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) pH 8.0, 20 mM imidazole, and 10 mM β-mercaptoethanol). Cells were disrupted by lysozyme treatment (1 mg/mL) and sonication, and the insoluble cellular material was removed by centrifugation. The Se-Met protein was purified by Ni-NTA affinity chromatography and the AKTAxpress system (GE Health Systems), with washing with lysis buffer and elution with lysis buffer containing 250 mM imidazole. The protein was desalted into lysis buffer without imidazole. This was followed by the cleavage of the His 6 -tag using recombinant His 6 -tagged tobacco etch virus protease at 4°C over 48 h, with an additional Ni-NTA purification to remove the protease, uncut protein, and affinity tag. These procedures produced a protein with a Ser-Asn-Ala peptide preceding the N-terminal Met. The pure protein was concentrated to 24.7 mg/ mL using Amicon Ultra-15 concentrators (Millipore, Bedford, MA) in 20 mM HEPES pH 8.0 buffer, 250 mM NaCl, and 2 mM dithiothreitol. Protein concentrations were determined from the absorbance at 280 nm using a molar absorption coefficient (ϵ 280 = 5500 M −1 cm −1 ) calculated by using the method developed by Gill and von Hippel. 28 A second batch of protein was purified for optimization with reductive alkylation and partial proteolysis. 26 The concentration of protein samples used for crystallization was 14.4 mg/mL for reductive methylated, 14.6 mg/mL for reductive ethylated, and 24.8 mg/mL for partial proteolysis (with chymotrypsin, trypsin, and thermolysin). Individual aliquots of purified protein were stored at −80°C until needed.
Protein crystallization
BlmI was screened against several commercially available crystallization conditions including, MCSG-1-3 (Microlytic, MA) at 24°C and 4°C for the unmodified protein, MCSG-1-4 at 16°C for the reductive alkylated proteins, and PEG/Ion HT (Hampton Research Corp., CA) at 16°C for the partially proteolyzed proteins. Vapor-diffusion sitting drops containing 0.4 µL of protein and 0.4 µL of screening solution and were set up in 96-well CrystalQuick plates (Greiner Bio-One, Monroe, NC) over wells containing 140 µL screening solution using a Mosquito liquid dispenser (TTP Labtech, Cambridge, MA). Crystals were obtained under several conditions. These crystals were cryoprotected by a brief transfer to the crystallization solution plus 10% ethylene glycol and flash frozen in liquid nitrogen. They were analyzed with synchrotron X-ray radiation near the selenium edge at the Structural Biology Center, sector 19-BM at the Advanced Photon Source.
Data collection, structure determination, and refinement
One crystal was subject to an X-ray fluorescence scan to determine the selenium K absorption edge. Data were collected to 2.1 Å at the peak wavelength (0.97931 Å) for the single best BlmI crystal and processed using the HKL-3000 system. 29 The data-collection strategy was optimized using the HKL-3000 strategy function. One hundred one degree oscillation images were collected at 100 K and a detector (ADSC Q210r) distance of 200 mm. Se-SAD was used to solve the structure as implemented in the HKL-3000 structure solution package. A single Se site was located with SHELXCD, and phases were calculated and improved with iterative rounds of MLPHARE and DM. An initial model was built with ARP/wARP. 30 The model was completed manually with Coot 31 and the structure refined with Refmac5 32 from the CCP4 suite. 33 The structure was analyzed for Ramachandran outliers with MolProbity. 34 The final atomic coordinates and amplitudes have been deposited in the Brookhaven Protein Data Bank, entry code 4NEO.
RESULTS AND DISCUSSION
Bioinformatics analysis of BlmI reveals Type II PCPs are a diverse family of proteins
Typically, the assignment of a CP as either ArCP, PCP, or ACP, comes from the carboxylic acid extending unit that is loaded to it, which is straight forward in Type I systems as the CP is next to the cognate loading domain in primary sequence. However, in the case of Type II CPs, there is no way to infer what enzyme is loading it, making assignment based on sequence homology, or through deductive reasoning in the context of a gene cluster, as for LnmP, SgcC2, MdpB2, and KedY2. In the BLM gene cluster the function of BlmI is not apparent, thus sequence homology was used to deduce the function of BlmI, with subsequent biochemical characterization. 3 Since the report of BlmI as a functional Type II PCP, many others have been discovered, warranting a discussion of the homology between these members.
BlmI shares sequence homology to CPs (Fig. 1) . The most closely related proteins are ZbmI (55/68, percent identity/similarity) and TlmI (55/70) from the zorbamycin and tallysomycin biosynthetic pathways, respectively. The conservation of these genes suggests that they have a function in these related biosynthetic pathways, although that function remains to be elucidated. BlmI sequence comparisons fall in the "twilight zone," 35 where functional assignment is a problem; however, phylogenetic analysis overcomes limitations of pairwise analysis, as shown in Figure 1 , where BlmI clades with PCPs. Further analysis reveals that BlmI shares no more homology to CPs in the BLM gene cluster (average percent identity/ similarity of 25 ± 3/40 ± 2), than to the other PCPs in Figure 1 (average percent identity of 25 ± 7). BlmI shares lower homology with the ACPs in Figure 1 (average percent identity of 19 ± 3), supporting our assignment of BlmI as a PCP. Interestingly, BlmI is as homologous to the Type II PCPs LnmP and DltC as it is to the ACPs, yet it is as homologous to SgcC2, MdpC2 and KedY2 as it is with the Type I PCPs, which serves to highlight the diversity within the Type II PCP family.
Crystallization, data collection, and refinement
BlmI crystallized in many conditions; however, the best crystals were obtained from reductively methylated BlmI in 0.1 M Na-CHES pH 9.5, 30% PEG 400 by vapor diffusion at 16°C, which grew to approximately 200 µm × 180 µm × 100 µm within one week. BlmI crystallized in the trigonal space group P3 2 21 with cell dimensions of a = b = 73.44 Å × c = 43.33 Å and one molecule per asymmetric unit. The structure was solved by Se-SAD with phasing from a single selenomethionine. Data collection and refinement statistics can be found in Table I . The final refinement statistics are reasonable with an R work of 0.175 and R free of 0.210, and resolution of 2.10 Å. Electron density revealed the presence of residues 3-85, with residues −2 to 2 and 86 to 90 missing. One molecule of ethylene glycol and one molecule of PEG are visible in the electron density. There is no density for a ppant moiety, which agrees with the observation that E. coli PPTases do not efficiently modify BlmI. It is not immediately apparent from the structure why reductive methylation leads to the best crystals, as neither the single lysine nor the N-termini are involved in crystal contacts. Crystallization contacts cover 23.8% of the available surface area as calculated by PISA. 36 The first characterized Type II CPs were ACPs, which resisted crystallization due to their highly negatively charged surfaces. 37 This suggested that other Type II CPs would resist crystallization. However, BlmI is relatively neutral, which may have contributed to the ease in which these crystals were obtained.
The overall structure of BlmI reveals structural similarity to known ACPs and PCPs
BlmI is comprised of a four α-helical bundle similar to other structures of ACPs and PCPs ( Figs. 1 and 2) . However, the conformation of the loop between α1 and α2 is different between the ACPs and PCPs, in that a short helix immediately follows α1 in ACPs. Helix α1 of BlmI is N-terminally extended by 9 or 10 residues ( Fig. 1) and is stabilized by multiple contacts between symmetry mates that may not be structurally relevant in solution. The conserved serine that is phosphopantetheinylated resides at the N-terminal end of α2 (Fig. 1) . Dali 38 alignments reveal that BlmI has high structural homology to other crystallized CPs, including the E. coli fatty acid ACP [EcACP (PDB 1T8K, root-meansquare deviation (RMSD) 2.0 Å)], B. subtilis fatty acid ACP [BsACP (PDB 2X2B, RMSD 1.9 Å)], E. coli EntB ArCP (PDB 3RG2, RMSD 2.8 Å; PDB 2FQ1, RMSD 2.8 Å), TycC-5 PCP (PDB 2JGP, RMSD 1.6 Å), SrfA-C PCP (PDB 2VSQ, RMSD 1.8 Å), EntF PCP (PDB 3TEJ, RMSD 2.0 Å), and PA1221 PCP (PDB 4DG9, RMSD 2.6 Å). Structurally, BlmI is most similar to the Type I PCPs, suggesting BlmI can act as a model for the whole PCP family. Overall, this analysis reveals that although ACPs, PCPs, and ArCPs carry different substrates, their overall secondary and tertiary structures are very similar.
Diverse catalytic domains form interactions on the same face of the PCP that is highly variable
As there are crystal structures revealing the interaction of PCPs with the A-domain, donor site of the C-domain and TE, we examined if there was more than one surface of the PCP that interacts. PISA analysis of the interactions reveals, (i) the SrfA-C PCP-C interaction covers 506 Å 2 [11% of the PCP accessible surface area (ASA]], (ii) the crystalline EntF PCP-TE interaction covers 781 Å 2 (19% of the PCP ASA), (iii) by NMR the EntF PCPTE interaction covers 951 Å 2 (18% of the PCP ASA), (iv) the PA1221 PCP-A interaction covers 688 Å 2 (16% of the PCP ASA), and (v) the EntB-EntE ArCP-A interaction covers 895 Å 2 (15% of the ArCP ASA). The PISA analysis was used to explore the regions of the PCP surface that interacted, by comparison of the ASA of each residue in complex and alone (Fig. 2) . This analysis revealed that although the catalytic domains are different, the interactions are roughly on the same surface of the PCP.
This surface is comprised of the loop between α1 and α2, and residues emanating from α2 and α3. For PKS ACPs, α2, which carries the phosphopantetheinylated serine, has been called the "universal recognition helix" and is known to be important for interactions with catalytic domains. 39 Experimental evidence for the importance of the surfaces of α2 and α3 in PCP interactions comes from mutagenic studies of EntB and EntF, where mutagenesis of residues on these helices reduces or abolishes activity. 40 -42 Although the overall structure is highly conserved with respect to the positions of the α-helices in CPs, the residues emanating from them is highly variable, creating unique shape and charge distributions (Fig.  3 ). For example, there is a crevice between α2 and α3 in PA1221, which leads to a very different surface than that of SrfA-C, which is highly protruding and positively charged (Fig.  3) . The variable residues making up these surfaces likely serve as a specific recognition features for the catalytic domains. However, these surface features are not likely to be static as the side chains are free to sample other rotameric states, which likely promote specific interactions with other catalytic domains. Future efforts at combinatorial biosynthetic efforts with Type II PCPs will benefit from this analysis.
The A-and H-states observed in NMR are likely artifacts of PCP excision from the Type I modular NRPS context
When compared to the different states found in the NMR structures of TycC-3 we find that BlmI has the highest structural homology with the A/H state (RMSD 2.3 Å, 72 residues; Fig.  2 ). Furthermore, all of the other PCPs structures to date regardless of whether they carry a phosphopantetheinyl group or are interacting with a partner are found in the A/H state (Fig.  2) . The NMR structure of EntF PCP-TE didomain also reveals that the PCP is in the A/H state. 20 The only other structure with the H state is the NMR structure of TycC-3 interacting with the Type II TE SrfTEII, which was used as the model for the state of the PCP. 21 There are no other structures representing the A state of TycC-3. Furthermore, the α3 helix which appears to be important for recognition is not apparent in either of the A or H states. The overwhelming structural evidence suggests that the NMR structures of the A and H states of TycC-3 could be artifacts caused by removing the domain from its native context. Therefore, future experiments aimed at understanding the molecular recognition of PCPs and catalytic domains should be modeled on the state seen in the structure of BlmI. Sequence alignment and phylogeny of selected ACPs and PCPs. (A) Secondary structure of BlmI is depicted above a sequence alignment. Below is the relative accessible surface area of each residue; white are buried residues, cyan are intermediate, blue are accessible. Completely conserved residues are highlighted with a red background and similar residues are colored red. Alignment created with MUSCLE 43 and rendered with ESPript. 44 (B) Phylogenetic tree revealing BlmI clades with PCPs. The ACPs clade together, and are marked with a bracket. Phylogeny created using the neighbor-joining method and rendered Structures of the Type II PCP BlmI in comparison to other CPs. All structures are aligned to BlmI using DaliLite, 38 except the states of TycC3, which were aligned in Pymol (Schrödinger, LLC). (A) Crystal structures of apo-CPs with coloring from blue on the Nterminus and red on the Cterminus, as depicted on the secondary structure shown in Figure  1 . The BlmI Asn-Ser-Ile ppant site is shown in ball-and-stick at the beginning of α2 for reference. (B) Crystal structures of PCPs interacting with catalytic domains. The PCPs are colored according to the burial of accessible surface area for each residue, with 0% burial in blue to 100% burial in red. The strictly conserved serine has been artificially set to 100% burial. (C) NMR structures of PCPs. TycC-3 in the A, H, and A/H states are colored as in (A), whereas the EntF PCP is colored as in (B). The NMR structure of the EntF PCP is lacking defined secondary structure for α3, yet the remainder of the structure is almost identical to the crystal structure. Surfaces of selected CPs. (A) Electrostatic surfaces with negative charge in red and positive charge in blue and neutral in white. All of the structures are in the same orientation as in Figure 2. (B) The surface of the PCPs with residues buried in interfaces with catalytic domains. The coloring scheme is the same as in (B). R free was calculated with 5% of the data excluded from refinement.
Numbers in parentheses are for the highest resolution bin.
Numbers in brackets are statistics with the Bijvoet pairs unmerged.
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